ABSTRACT The goal of this research was to describe within-plant distribution for Acyrthosiphon kondoi Shinji and Kondo on alfalfa (Medicago sativa L.). Alfalfa entries used in this study were from breeding lines selected for moderate and high levels of resistance to A. kondoi and from the susceptible cultivar ÔOK08Õ. From each of the three entries, three stems on each of 12 established alfalfa plants grown in pots were infested with aphids when stems had four to Þve nodes. At 2-d intervals through 10 d after infestation, stem heights, numbers of nodes per stem, and numbers of trifoliolates per node (as axillary branching occurred) were recorded. Also recorded for each node were numbers of A. kondoi on leaf blades, petioles, and the internodal stem section below the node. Aphid counts were analyzed to determine signiÞcant differences among alfalfa entries and among plant parts (leaf blades, petioles, and stem sections) within entries. Plant proÞles were prepared to show within-plant distributions. Regression of mean aphid numbers versus days after infestation gave a highly signiÞcant (P Ͻ 0.01) slope for the susceptible alfalfa entry. Slopes for regressions calculated for moderately resistant and highly resistant entries were not signiÞcant (P ϭ 0.07 and P ϭ 0.89, respectively), indicating that aphid numbers did not increase signiÞcantly on these entries. Leaf blades were used most frequently as feeding sites on the resistant entries over the 10-d infestation period. However, the highest proportions of aphids were found on stems of susceptible plants. Plant proÞles show that A. kondoi preferred stems or leaves along the mid-portions of the foliar canopy and trifoliolates near the plant terminals on all three alfalfa entries. Relatively few aphids occurred on nodes near the soil surface or on nodes near the tops of stems aside from the plant terminal.
THE FIRST COLLECTIONS IN the United States of Acyrthosiphon kondoi Shinji and Kondo, an aphid species that is common on legumes in southern Asia, occurred in southern California during 1974 (Sharma et al. 1976) . By 1977, this species had spread eastward to Oklahoma and several other states of the Great Plains region (Berberet et al. 1983, Rethwisch and Manglitz 1987) . Although moderate damage to alfalfa (Medicago sativa L.), including stunting of growth and discoloration of leaves, was caused by A. kondoi in Oklahoma during the period from 1977 to 1989, the potential for reduced forage production and thinning of stands because of phytotoxic effects increased greatly with the emergence of a highly virulent biotype designated BAOK90 (Zarrabi et al. 1995) . Since 1990, A. kondoi has become a more serious pest of alfalfa in the Southern Great Plains, and high population densities have often resulted in extensive losses in forage yields and reduced stand densities (Mulder and Berberet 1997, R.C.B., unpublished data) . Because of the increased damage potential posed by the virulent biotype, there has been greater emphasis on effective management strategies for A. kondoi. Among the studies of insect versus plant interactions that will contribute to more accurate sampling for management decisions are descriptions of distributions and preferred feeding locations of the aphid within the foliage of alfalfa.
Based on studies of Macrosiphum euphorbiae (Thomas) and Myzus persicae (Sulzer) on potato (Solanum tuberosum tuberosum L.), Simpson (1932) became one of the Þrst researchers to recognize that the particular distributions of aphid species within the foliage of host plants may have a substantial effect on the accuracy of sampling to estimate population densities and on efÞcacy of insecticides applied for control of the species. Subsequent studies by Bradley (1952) and Shands et al. (1954) documented that populations of M. persicae exhibit a consistent distribution pattern within the foliage of potato, with higher numbers concentrated on lower (older) leaves than on upper parts of the foliage. Jansson and Smilowitz (1985) also reported consistently higher numbers of M. persicae on lower leaves of three cultivars of potato. In studies conducted on four cultivars of chrysanthemum, Wyatt (1965) observed similar consistency in within-plant distributions; however, he found that M. persicae exhibit a distinct preference for newly formed leaves in the upper portions of the plant canopy rather than for lower leaves as in potato. Thus, it seems apparent that distribution patterns for a particular aphid species may vary with host plant species.
In studies involving aphids on alfalfa, Berberet et al. (1991) reported that the spotted alfalfa aphid, Therioaphis maculata (Buckton), exhibits a distinct preference for lower leaves and moves upward in the canopy only after lower leaf blades have become necrotic as a result of feeding damage. Although these researchers found great differences in total aphid numbers per plant among alfalfa entries based on levels of pest resistance, the distributions on plants were consistent among resistant, tolerant, and susceptible lines. Because of their preference for lower portions of the canopy, sweepnet sampling is not effective in collecting a high percentage of T. maculata and usually gives much less accurate results than sampling of entire stems for estimates of population density.
The goal of research reported in this paper is to determine distributions of A. kondoi on alfalfa plants and compare distributions among resistant and susceptible lines of alfalfa. SpeciÞc objectives outlined to accomplish this goal are (1) to determine the general regions of alfalfa plants (lower versus upper) and the particular plant parts (petioles, leaf blades, or internodal stem sections) that are occupied by the greatest numbers of A. kondoi and (2) to compare the patterns of intraplant distributions within the foliage of highly resistant, moderately resistant, and susceptible alfalfa entries.
Materials and Methods
This study was conducted in a greenhouse at the Oklahoma Agricultural Experiment Station (Stillwater, OK) with a 14-h photophase maintained by use of artiÞcial lighting (Ϸ2,250 lux) to supplement natural daylight and temperature of 23 Ϯ 3ЊC. Of the three alfalfa entries used in this study, the plants with susceptibility to A. kondoi were selected from the cultivar ÕOK08Ј (A.A.Z., unpublished data). Moderately resistant and highly resistant plants were from breeding lines selected for resistance to A. kondoi at Pioneer Hi-Bred International (Johnston, IA) (G.E.H, unpublished data). Aphids used in the study were from a colony initiated from collections of A. kondoi (biotype ϭ BAOK90) in Oklahoma and maintained in a greenhouse on the cultivar ÕOK08Ј under the environmental conditions described above.
Alfalfa seeds were sown in plastic pots (15 cm diameter), and plants were allowed to complete at least two cycles of growth before being used in this study. To begin the study, 15 plants each of highly resistant, moderately resistant, and susceptible entries were clipped, fertilized, and allowed to regrow. When the tallest stems had four to Þve nodes, the 12 most uniform plants from each entry were selected, and all foliar growth was clipped from crowns except the three tallest stems. For the remainder of the study, new growth emerging from crowns was removed at 2-to 3-d intervals. Each of the three stems per plant was labeled with a small tag placed on the stem below the Þrst node. Although movement of aphids among plants was not considered to be a serious problem for this study, three large cages (1 by 1 by 3 m) were used, with plants of each alfalfa entry placed in a separate cage to remove the possibility for migration of aphids from resistant to susceptible plants during the infestation period. The use of large cages allowed sufÞcient space for placement of plants so that there was no contact between adjacent plants or of plants with cage walls. Also, population counts could be completed with minimal movement of plants. Three adults of A. kondoi were placed between nodes two and three on each of the three stems per plant. One day after infestation, plants were examined, and aphids were replaced as necessary to have three adults per stem. Because plants within cages had no contact with each other, the potential for movement of aphids from plant to plant was greatly reduced. Therefore, individual plants within cages were effectively the experimental units.
Although it was not the goal of this study to compare the response of plants to infestation by A. kondoi, stem heights, numbers of nodes per stem, and trifoliolates per node were recorded at 2-d intervals after infestation for comparisons of habitats available to the aphids among alfalfa entries. This was done to verify that differences in distributions of aphids were not attributable simply to signiÞcant differences in plant growth among alfalfa entries. Also recorded was the occurrence of axillary branching that resulted in formation of several additional trifoliolates on some nodes over the course of the study. Numbers of aphids on each stem were recorded by node at 2-d intervals, with separate counts for each node part, e.g., leaf blades, petioles, and the internodal stem section below each node. An illustration is provided for a clear understanding of alfalfa plant anatomy (Fig. 1) . Separate counts were also recorded for aphid numbers on leaf blades, petioles, and stems of axillary branches. These counts were added to totals for respective node parts on each node from which an axillary branch arose. Beyond 10 d after infestation, the presence of large numbers of aphids on the susceptible entry began to stimulate movement of A. kondoi from these plants, and additional counts were not attempted.
For comparisons of plant growth and habitat area available to aphids on the three alfalfa entries, plant growth parameters including stem height, nodes per stem, and trifoliolates per stem were analyzed. For each parameter, the variable analyzed was the mean over the three stems of each plant for each 2-d interval after infestation. SigniÞcant differences among highly resistant, moderately resistant, and susceptible lines for these plant parameters were determined by calculating analyses of variance (ANOVA) and least signiÞcant difference (LSD) values. For comparisons of aphid population parameters, at each 2-d interval, counts of aphids were totaled by node for leaf blades, petioles, and internodal stem sections across the three stems of each plant. The separate counts for leaf blades, petioles, and internodal stem sections were summed to give total aphid numbers per node on each plant. Finally, counts for all nodes on three stems were summed to calculate the total number of aphids on each plant. The resulting totals determined for each node and plant were used in calculating overall mean aphid numbers on node parts (leaf blades, petioles, and stems), nodes, and entire plants for each of the three alfalfa entries (highly resistant, moderately resistant, susceptible). To assess the relationship of mean aphid numbers per plant for each alfalfa entry versus days after infestation, regression models were used. Comparisons of total aphid numbers per plant among the alfalfa entries were made to address the possibility that differences in aphid distributions may have resulted from variability in population densities. Because the same plants were observed at each 2-d interval, a model controlling for plant and alfalfa entry was used in PROC GLM (SAS Institute 2000). Separate analyses (ANOVA; PROC MIXED) were calculated for each 2-d interval by alfalfa entry combination to assess the effect of node parts on aphid numbers. This analysis was used to compare relative numbers of aphids on the three node parts within each of the entries. Because node parts are not independent for each plant, a split plot model controlling for the main unit plant was performed. In addition, numerical values for mean aphid numbers per node were used to draw proÞles to illustrate and compare intraplant distributions among the three alfalfa entries as aphid numbers increased at 6, 8, and 10 d after infestation.
Results
Data recorded for comparison of available habitats for aphids on the three alfalfa entries showed that the susceptible plants were somewhat taller than the resistant entries throughout the experiment with significant differences (F ϭ 7.9; df ϭ 2, 22; P Ͻ 0.05) in plant height at the end of the 10-d infestation period. However, there were no signiÞcant differences in mean numbers of nodes (mean ϭ 8 per stem at 10 d) or trifoliolates (mean ϭ 20 per stem at 10 d) among the three alfalfa entries. Although axillary branching resulted in formation of trifoliolates in addition to the Þrst leaf at some nodes, the plant proÞles show similarity in numbers and positions of trifoliolates on the three alfalfa entries from 6 to 10 d after infestation (Fig. 2) . Overall, it is unlikely that any differences in aphid numbers or distributions on the alfalfa entries could be attributable to differences in available habitat.
There were great differences in total numbers of A. kondoi per plant (three stems), which potentially could have inßuenced the distributions of the aphids in the foliage. Numbers remained below 20 per plant for the duration of the infestation period on the highly resistant alfalfa (Table 1) . Mean numbers of aphids per plant were somewhat higher on the moderately resis- tant than on highly resistant plants; however, slopes for aphid numbers over days after infestation are not signiÞcant (P Ͼ 0.05) for either of the resistant entries. By comparison, mean aphid numbers on the susceptible entry increased from the original infestation of 9 (three per stem) to Ͼ550 per plant (Table 1) . A mean of 121 aphids was recorded on terminals of the susceptible plants. These numbers are similar to those observed in Þeld studies conducted with A. kondoi in Oklahoma (Doss and Berberet 1988) .
In terms of mean aphid numbers (per plant basis) and percentages of the population on each of the three node parts, a deÞnite trend was evident in the susceptible entry for increasing numbers of A. kondoi on all plant parts, internodal stem sections, leaf blades, and petioles, from 6 to 10 d after infestation. Numbers present on internodal stem sections increased somewhat more rapidly and were signiÞcantly higher (P Ͻ 0.01) than those on leaf blades 10 d after infestation (Table 2) . By comparison, numbers of aphids on leaf blades of the moderately resistant entry were significantly greater (P Ͻ 0.05) than on internodal stem sections at 6 and 8 d after infestation. Numbers of aphids on stems were much lower than those on leaf blades over the duration of infestation. Leaf blades were also the most common feeding site for A. kondoi on the highly resistant entry (Table 2 ). In terms of proportions of the aphid populations, relatively high percentages were observed on leaf blades of resistant entries (63Ð 80%); however, the percentage of A. kondoi on leaf blades of susceptible plants exceeded 50% only on day 6 and declined to 32% on day 10. Relatively low numbers and percentages of A. kondoi were found on petioles of all three alfalfa entries throughout the infestation period.
Intraplant distributions depicted by plant proÞles in Fig. 3 show the tendency of A. kondoi to aggregate on newly formed leaves at the plant terminals at 6, 8, and 10 d after infestation. However, this tendency was most evident with the presence of higher numbers of aphids on the susceptible entry, as was the aggregation of A. kondoi on nodes in the mid-portion of the stems. The tendency to gather along mid-portions of stems became evident in moderately resistant plants only at 10 d after infestation (Fig. 3) . At 8 d after infestation, a clear tendency was evident in plant proÞles for aphids to aggregate on stems over petioles and leaf blades on nodes 2Ð 8 of susceptible plants (Fig. 4) . Except for the large number of aphids aggregating on leaves at terminals of susceptible plants, relatively few were found on leaves elsewhere in comparison with numbers on internodal stem sections. Because of the low numbers of aphids at each node, it was not possible to discern particular preferences of A. kondoi among leaf blades, petioles, or stems on the resistant entries. a Regressions of mean aphid numbers on days after infestation calculated controlling for plant in the model using PROC GLM.
b One-tailed, upper P value for the slopes. (32) a Denotes percentages of aphids on plant parts at a given postinfestation date.
Mean values for plant parts (within rows) for each genotype at each postinfestation date followed by different letters are signiÞcantly different (P Ͻ 0.05). The most notable aspect of plant proÞles for these entries was the relatively high numbers of aphids on leaf blades emerging from plant terminals (Fig. 4) .
Discussion
Despite large differences in aphid numbers per plant among the alfalfa entries, one aspect of the within-plant distribution that appeared consistent was the tendency of A. kondoi to aggregate on newly formed trifoliolates at the plant terminals. This is the only portion of the canopy where numbers of aphids present may have been limited by available space, even on susceptible plants. Although relatively large numbers of aphids were observed on the newly formed leaf blades at the plant terminals, particularly on the susceptible entry, plant proÞles prepared for 6, 8, and 10 d after infestation reßect little tendency for aphids to move onto nodes just below plant terminals (Fig. 3) . Movement to these nodes would be expected in the event of overcrowding of terminals. There is clear evidence in this study for just one area of the canopy, in addition to trifoliolates at terminals, being selected as a feeding site by relatively large numbers of A. kondoi on both susceptible and moderately resistant entries. This area comprises nodes 3Ð7 in the mid-portion of the foliar canopy (Fig. 3) . It does not seem that the selection of leaf blades or stems at these nodes as feeding sites by A. kondoi occurred because of overcrowding at plant terminals.
While the preference of A. kondoi for newly formed leaves near plant terminals was consistent among the alfalfa entries, the clear tendency for aggregation on stem tissues rather than leaf blades on nodes 3Ð7 was much more evident on susceptible plants. The presence of greater numbers of aphids on stems at these nodes of susceptible plants occurred despite the fact that there was ample space available on leaf blades for many more aphids than were actually present. Although numbers of aphids were much lower and aggregations were not as evident on the resistant entries, there was a notable difference in the distributions on these entries and on susceptible plants. The aphids appeared to prefer leaf blades over stems throughout the canopy on the resistant plants. The differences in infestation patterns on susceptible and resistant plants could not be ascribed to variations in numbers of leaves available for colonization, because there were no differences in numbers of trifoliolates per stem among the alfalfa entries. There may be differences in chemical or morphological properties of resistant and susceptible plants that inßuence distributions of A. kondoi in the canopy. Further studies are needed to identify plant properties that may contribute to differences in distributions of aphids in the canopy. Also, it is not possible to determine from results of this study how similar the intraplant distributions of A. kondoi on alfalfa entries in the greenhouse would be to those on resistant and susceptible alfalfa in Þeld settings. With regard to the clear preference for feeding on newly formed trifoliolates at plant terminals, however, results from this study in the greenhouse are similar to what is commonly observed in the Þeld (R.C.B., unpublished data).
Primary aspects of the within-plant distribution observed for A. kondoi on resistant and susceptible entries were quite different than reported for T. maculata, which exhibited a consistent preference for older trifoliolates at the lowest nodes of stems of alfalfa, with few aphids on plant terminals (Berberet et al. 1991) . No differences were evident in the distributions of T. maculata on resistant, tolerant, and susceptible plants. T. maculata did not move upward within the foliage from the most favored feeding sites until 14 Ð16 d after infestation, when feeding damage resulted in severe chlorosis and necrosis of lower leaves. In this study, no symptoms of chlorosis or necrosis occurred as a result of feeding by A. kondoi. There was no evidence over the 10-d infestation period of intraplant movements of aphids occurring as a result of feeding effects. However, after the infestation period progressed beyond 10 d, there was extensive movement of aphids from susceptible plants. The migration of aphids occurred in the absence of symptoms of plant injury; however, it may have been induced by feeding effects that were not evident in visual examination of plants. Berberet et al. (1991) reported that no differences were evident in the within-plant distributions for T. maculata on resistant, tolerant, and susceptible alfalfa entries, with the largest numbers of aphids on lower leaves of all plants. Similarly, Jansson and Smilowitz (1985) observed consistently higher numbers of M. persicae on lower leaves than on other areas of the plant canopy on three cultivars of potato. In our study, there was consistency in intraplant distributions of A. kondoi in that aphids tended to aggre- gate on newly formed leaves near plant terminals of both resistant and susceptible alfalfa entries. However, A. kondoi tended also to aggregate on stems rather than on leaves in the mid-portion of the canopy on susceptible plants. As a result of rapidly increasing numbers of aphids on stems in the mid-portion of the canopy, overall mean numbers on stems (per plant basis) were much greater than those on leaves of susceptible plants by 10 d after infestation. In contrast, the preference for leaves over stems remained consistent throughout the 10-d infestation period on the resistant plants. The occurrence of differences in intraplant distributions of aphids on different plant cultivars was also reported by Wyatt (1965) in his work with M. persicae on four cultivars of chrysanthemum.
In conclusion, similarity in within-plant distributions were observed for A. kondoi on resistant and susceptible alfalfa entries in that most aphids aggregated on plant terminals and mid-portions of the foliar canopy. The most notable difference in distributions on susceptible and resistant alfalfa was the clear preference for stems in the mid-portion of the canopy on susceptible plants, which was not evident on resistant plants. The distribution of A. kondoi in the foliar canopy is conducive to accuracy of population density estimates obtained with either stem removal or sweepnet sampling as these methods are effective in retrieving insects from middle and upper portions of the plant canopy.
